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Chapterr 9 
HIGH-FIELDD DILATATIO N EXPERIMENTS ON U(PT0.95PDo.o5)3; 

MAGNETICC ORDERING VERSUS HEAVY-FERMION 
BEHAVIOUR R 

9.11 Introduction 

AA large part of this chapter has already been published in [7] [8]. It is well known that 
theree are heavy-fermion compounds exhibiting long-range magnetic ordering with 
magneticc moments of substantial size. A stilll  open question is whether this long-range 
orderingg is related to the heavy-fermion state that is also present in these compounds. 
Doo both phenomena have a similar physical origin (just different demonstrations of 
thee same underlying states), or is it better to describe them as two separate states 
interactingg with each other? In this light it is a curious fact that ferromagnetic 
orderingg seems to be non-existing in these systems without the introduction of a 
strongg spin-orbit coupling as it is to be expected for Hubbard and t-J models. 

Thiss problem might be addressed by studying the compound UfPto.gsPdo.osV 
Dopingg UPt3 with 5% Pd induces, in addition to the heavy-fermion behaviour, long-
rangee antiferromagnetic ordering with a large ordered moment of 0.6 2 fJLB/V-
atomm [1]. 

Wee present thermal-expansion and magnetostriction data on U(Pto.95Pdo.os)3 
alongg all three crystallographic axes in magnetic fields up to 17 T and in the tempera-
turee range 1.5 - 12 K . The magnetic field is always applied along the a-axis. The crit-
icall  fields and temperatures of both the long-range antiferromagnetic ordering (TN = 
5.88 K, BAF = 13 T) and the heavy-fermion state (T* « 8.2 K, B* » 12 T) are covered 
inn these experiments. As we argued before, the ligand hybridization plays a crucial 
rolee in the formation of the heavy-fermion state, whereas the long-range antiferromag-
neticc ordering is strongly dependent on the inter-site exchange-coupling parameter. 
Bothh the ligand-hybridization strength and the inter-site exchange coupling are ex-
pectedd to be strongly molar volume dependent. Therefore, magnetostriction and ther-
mall  expansion are sensitive tools to study simultaneously heavy-fermion behaviour 
andd long-range antiferromagnetic ordering. In addition, length-change measurements 
aree a thermodynamic technique sensitive to crystallographic directions. Field and 
lengthh changes can be a applied c.q. measured along well-specified directions. 

Wee will observe features related to the heavy-fermion behaviour and features 
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relatedd to the long-range antiferromagnetic ordering, separately. But also features are 
observedd which we interpret as originating from the interaction between long-range 
antiferromagneticc ordering and heavy-fermion behaviour. 

Neutron-diffractionn experiments on U(Pt0.95Pdo.o5)3 reveal the presence of an-
tiferromagneticc ordering with an ordered moment equal to (0.6  0.2) /LtB/U-atom [1] 
pointingg along the b-axis. The magnetic structure consists of a doubling of the crys-
tallographicc unit cell along the same 6-axis. This ö-axis is not unambiguously defined 
becausee of the hexagonal structure of the basal plane. Three different 6-axes can be 
identifiedd and three different types of magnetic ordering exist. Macroscopically, three 
differentt types of magnetic domains are expected. 

Thee magnetic structure is similar to that of the small-moment antiferromag-
netismm observed in UPt3 itself (0.02  0.01 /JB/U-atom)[2]. The A-like anomaly in 
thee specific-heat data [3] and the Cr-type anomaly in the resistivity data [4] at TN 
confirmm the presence of long-range antiferromagnetic ordering of a spin-density-wave 
type. . 

Thee experiments have been performed on the same sample as used in previous 
high-fieldd specific-heat measurements ([3]). Length changes were measured using a 
parallel-platee capacitance method. 

9.22 T h e shared origin and t h e interaction be tween long-range magnet ic 
orderingg and heavy-fermion behaviour 

Theree is only one set of electrons present responsible for both the long-range magnetic 
orderingg and the heavy-fermion behaviour. A possible description could be in terms 
off  a Hamiltonian containing separate parts: one responsible for the heavy-fermion 
behaviourr and another one for the long-range magnetic ordering. Other parts describe 
thee interaction between the two. A different approach is to describe both phenomena 
ass two different manifestations of the same type of a ground state. Depending on 
thee particular interaction-parameter setting, this state is pushed from one limi t to 
thee other, displaying either more of its long-range magnetic ordering or of its heavy-
fermionn behaviour. 

Thee distinction between, what is called, different types of states at one hand 
andd fundamental interactions at the other, is always artificial. But still the ques-
tionn about the strength of the link between heavy-fermion behaviour and long-range 
orderingg remains on the table. 

Inn section 2.4, a staggered magnetic field is introduced for the small molecules 
studiedd in chapter 2. The original interactions in the molecules are represented by 
aa Hamiltonian very similar to the Periodic-Anderson Hamiltonian. To these interac-
tions,, an externally applied field is added enforcing either ferromagnetic or antiferro-
magneticc ordering. Depending on whether the added staggered field is ferromagnetic 
orr antiferromagnetic, different sets of the originally conserved quantum numbers of 
thee molecule are broken. For a ferromagnetic staggered field, it is the total spin 
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quantumm number which is no longer conserved (but its projection quantum number 
andd symmetry quantum numbers still are). For an antiferromagnetic staggered field, 
i tt are the quantum numbers associated with the symmetry of the molecule which are 
noo longer conserved. 

Forr molecules with a staggered field, we concluded that there are two field 
regimess (the relevant energy scales are HQB versus \T\ / (ec - ei)). In the low-field 
region,, we treated the staggered field as a perturbation, while in the high field region, 
thee ligand hybridization and the on-site interactions were treated as perturbations. 

There,, we concluded that for increasingly strong staggered fields, the effects 
off  such fields for being either ferromagnetic or antiferromagnetic on the low-energy 
excitationss are different. For an antiferromagnetic staggered field, the low-field low-
energyy excitations turn into their high field forms in a continuous way. For the fer-
romagneticc staggered field, the low- and high-field results differ in nature. A similar 
conclusionn holds when one considers the antiferromagnetic and ferromagnetic suscep-
tibilities.. We interpreted this as heavy-fermion behaviour being in agreement with 
long-rangee antiferromagnetic ordering but not with long-range ferromagnetic order-
ing.. To our knowledge no clean, single-crystalline, heavy-fermion compound exists 
whichh displays both heavy-fermion behaviour and long-range ferromagnetic ordering, 
simultaneously. . 

Theree are similarities between a ferromagnetic staggered field and an externally 
appliedd magnetic field. The above observation is in agreement with the existence of a 
characteristicc field for heavy-fermion behaviour (the minimum magnetic field needed 
too suppress the heavy-fermion behaviour). 

I tt is argued that the proper model description for the systems under study is 
thee Periodic-Anderson model. 

Thiss effective Hamiltonian consists of three parts: a straightforward conduction-
bandd part (involving only conduction states), a part involving only f-states of the 
magnetic-ionss (f-shell electrons) strongly resembling Hubbard Hamiltonians and a 
thirdd part connecting the conduction states to the f states. I t is the second part 
inn which we are interested here. At half filling , where each magnetic-ion site shell 
iss singly occupied, the Hubbard Hamiltonian resolves into antiferromagnet ordering. 
Thee situation at hand is one of slightly less than half filling . Still some antiferro-
magneticc tendencies are expected. I t is, therefore, this Hubbard part of the effective 
Hamiltoniann we hold responsible for the observed long-range antiferromagnetic or-
dering.. Only antiferromagnetic, and not ferromagnetic, ordering is allowed by the 
Hubbardd model. This disagreement between Hubbard models and long-range ferro-
magneticc ordering seems in concert with the previous observation made concerning 
ferromagneticc staggered fields and small molecules*. While we held the second part 
off  the effective Hamiltonian responsible for the magnetic ordering and/or the super-
conductivity,, i t is the third part (the effective interaction between conduction and f 

*I tt seems more generally true that some extra special requirements is needed to enforce ferro-
magnetism,, such as spin-orbit coupling. 
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Figuree 1 Field dependence (B || o-axis) of the relative length changes along the a-axis of 
U(Pto.95Pdo.o5)33 for T = 5.7 K (>Tjv) and T = 1.9 K (<JN). Using thermal-expansion 
dataa (section 5), extra offsets are added so that the relative length changes, A L a /L a , are 
representedd with respect to the length at 0 T and 1.9 K without any field history after cooling 
too T < TN. Arrows indicate the direction of the field sweep. I s ' and 2 n d indicate being either 
thee first or second time a field up and down sweep (maximum field 17 T) is performed on the 
zero-field-cooledd sample. 

states)) to which we connect the heavy-fermion behaviour. In terms of such a descrip-
tionn a strong interaction is expected between heavy-fermion behaviour and long-range 
magneticc ordering. 

I tt is, therefore, to be expected that a heavy-fermion state formed in the pres-
encee of long-range magnetic ordering is more stable than in its absence. In reverse, 
oncee heavy-fermion states are established they introduce an extra correlation between 
thee magnetic ions of which the long-range magnetic ordering benefits. As a result 
thee magnetic ordering is expected to be more stable in the presence of heavy-fermion 
behaviour. . 

AA different approach is in terms of models as put forward by e.g. Continentino 
andd Doniach. The heavy fermion state can be described as a quantum critical phe-
nomenon,, a critical balance between magnetic, RKKY , and Kondo interactions. I t 
couldd be imaginable that this balance, affected by changing boundary conditions, 
couldd t ip over in favour of one or the other, causing the heavy-fermion behaviour to 
displayy more of its Kondo or RKKY nature. 
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Figuree 2 Field dependence (B || o-axis) of the relative length changes along the 6-axis of 

U(Pto.95Pd0.o5)33 for T = 5.7 K (>Tjv) and T = 3.0 K ( < T J V ) . Using thermal-expansion data 

(sectionn 5), extra offsets are added so that relative length changes, A La/L&, are represented 

withh respect to the length at 0 T and 1.9 K without any field history after cooling to T < T N -

Arrowss indicate the direction ÖI the lield sweep. 1 anu t.n inuicate uemg eitner iirst or seconu 

timee a field up and down sweep (maximum field 17 T) is performed on the zero-field-cooled 

sample. . 
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Figuree 3 Field dependence (B || a-axis) of the relative length changes along the 6-axis of 
U(Pto.95Pdo.o5)33 for T = 5.7 K (>TJV) and T = 3.0 K (<Tjv) . Using thermal-expansion data 
(sectionn 5), extra offsets are added so that relative length changes, A L a /L a , are represented 
withh respect to the length at 0 T and 1.9 K without any field history after cooling to T < Tpj. 
Arrowss indicate the direction of the field sweep. I s ' and 2 n d indicate being either first or second 
timee a field up and down sweep (maximum field 17 T) is performed on the zero-field-cooled 
sample. . 

9.33 Re la t ive l ength changes as function of field 

Thee magnetostriction data obtained at fixed temperatures reveal several interesting 
features.. In Fig. 1, the relative length change as a function of B, AL(B) /L, is 
plottedd for several fixed temperatures. 

Forr temperatures T < TN, the relative length change along the a- and 6-axis 
displayss hysteretic behaviour, see the blow up of the low-field region in figs 1 and 2. 
Somee specific features are apparent. 

Afterr applying a field larger than 15 T (and removing it) , the length of the 
samplee at 0 T along the a-axis is reduced. Along the 6-axis, the zero-field length has 
slightlyy expanded by this procedure. 

Repeatingg the same field-up and -down sweep procedure for a second time 
(indicatedd by 2nd in fig 1, 2) wil l cause no further zero-field length changes. However, 
stilll  a difference exist between the data obtained in an up- or down-sweep in the field 
regionn between 0 T up to fields of 6 - 8T. I t seems that in the up sweep a minimum 
fieldfield of approximately 2 T is needed before the sample length along the a-, 6-axis 
startt to significantly deviate from its 0 T value. 



AnalyzingAnalyzing relative length changes 223 3 

Repeatingg the field up- and down-sweep for a third time, only reproduces the 
resultt obtained the second time. 

Alongg the c-axis no such hysteresis effects are observed, see Fig. 3. 
Forr the o- and 6-axis, relative length changes measured at two different tem-

peraturess are depicted in figs 1 and 2. Always a temperature exceeding Ts (= 5.6 K), 
TT =5.7 K, and a temperature significantly smaller than TN is chosen (T = 1.9 K and 
TT = 3 K for the a- and 6-axis, respectively). For T = 5.7 K (> TN), the long-range 
antiferromagneticc ordering is suppressed while for T < TN long-range antiferromag-
neticc ordering is expected to be dominantly present for B < B AF- With the help of 
thee thermal-expansion data (section 5) extra offsets are added to the ALi/L\ data 
plottedd for different temperatures. 

Forr each crystallographic direction, the ALi/Li curves shown in 1, 2 and 3 
wil ll  be compared. From the above figures it becomes clear that the formation of the 
long-rangee antiferromagnetic ordering is associated with an extra reduction of the 
lengthh of the sample along the a- and 6-axis, i.e. the area in the basal plane. 

Alongg the c-axis the transition from the antiferromagnetically ordered state 
intoo the forced ferromagnetic state is associated with a dramatic change in the sign 
off  the slope of the curves in Fig. 3. 

9.44 Analyzing relative length changes 

9.4-19.4-1 The observed hysteresis effects 

Thee hysteretic features mentioned must be related to the presence of domains. Al-
thoughh the magnetic moments have a preference to orient along a 6-axis, due to the 
hexagonall  symmetry of the crystal structure, this still leaves three preferential options 
open.. Three different types of antiferromagnetic domains are imaginable, distinguish-
ablee by the direction in which the magnetic moments are ordered. Each type on its 
ownn is further twice degenerate; i.e. a ordering with magnetic moments in a certain 
directionn and the ordering in which the direction of all the magnetic moments are 
preciselyy reversed. 

Ass the magnetic field is applied along one particular choice of a-axis, the 
typee of magnetic domains with their moments perpendicular to it (along the 6-axis 
correspondingg to the chosen a-axis), is expected to have the lowest energy. The effect 
off  an initial magnetic-field sweep to the maximum field value (17 T) and back is to 
reducee the number of types of domains present from three to one, i.e. the type of 
domainn with magnetic moments ordered perpendicular to the magnetic field. 

Goingg from the multi- to the single-type situation (after the initial sweep up 
andd down of the magnetic field), two observations can be made. 

First,, the a-axis shrinks while the 6-axis expands. Secondly, no longer an 
averagee is measured as is the case for the multi-type situation. 

I tt is straightforward to show that for the relative change of the area in the 
(a,, 6)-plane, AS'a.b/Sa.b» with respect to some reference surface area, the following 
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expression: : 

AS»,bb = A L , A L b + A L . + A^b 
S*bS*b La Lb LB Lb 

holds.. We note that as an effect of such a treatment, the surface area in the (a, &)-
planee as a whole shrinks as a result of a field treatment, i.e. AS^/S ̂ < 0 . With the 
reductionn of the types of domains, the stresses associated with the boundary zones 
betweenn different types of domains are reduced. 

Whatt still has to be explained is the difference between the field up- and down-
sweepp as observed after repeating the field-sweep procedure for a second time. Still 
aa (closed) hysteresis loop is observed. Repeating the procedure for a third time just 
reproducess the second-time data. For the up-sweep, a field of approximately 2 T is 
neededd before the length along the a- and 6-axis starts to change significantly from 
itss zero-field value. This feature is not observed in the down-sweep. This seems to 
bee at the heart of the discrepancy between the up- and down-sweep. 

I tt turns out that after a field up and down sweep, the zero-field magnetic 
structuree is locked into some minimum configuration. A certain minimal effort is 
neededd to overcome this locking. We wil l return to this point when discussing the 
thermal-expansionn data. 

AA possible explanation could be that magnetic domains relax in low fields into 
aa particular configuration dominated by crystal-lattice imperfections and that the 
excesss energy is associated with domain-wall formation. 
9.4-29.4-2 The reduction of the basal-plane dimensions of the elementary unit cell due to 

thethe formation of long-range antiferromagnetic ordering 

Thee formation of the long-range antiferromagnetic ordered state is associated with a 

reductionn of the length and surface in the basal plane. 
Ann explanation could be given in terms of a strong interaction between long-

rangee antiferromagnetic ordering and heavy-fermion behaviour. According to previ-
ouss chapters, a signature of heavy-fermion behaviour is a reduction in length of the 
sample.. A further reduction of length, due to the formation of long-range antiferro-
magneticc ordering, suggests that the heavy-fermion behaviour is even more stable as 
aa result of the long-range antiferromagnetic ordering. 

Thee experiments show that the formation of long-range antiferromagnetic or-
deringg is associated with a reduction of the dimensions of the basal plane. Along the 
c-axiss an expansion is observed. 

Thee reverse is also expected to be true. The presence of the heavy-fermion 
behaviourr introduces an extra correlation between the magnetic ions from which the 
long-rangee magnetic ordering benefits. 

9.55 Forced magnetostrict ion data 

Thee features observed in the forced-magnetostriction data along the a-, b-, and c-axis 
aree similar: a broad shoulder related to the meta-magnetic transition of the heavy-
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Figuree 4 Forced magnetostriction curves, 1/Lj dLi / dB, of U(Pto.95Pdo.os)3 for i 
c-axiss (B || a-axis) at several fixed temperatures above and below T"N = 5.6 K 

== a-, b-, 

fermionn behaviour (its maximum at B* fn 12 T) with on top of it a sharp feature 
relatedd to a phenomenon at BA F (see Fig. 4) caused by the breaking up of the long-
rangee antiferromagnetic ordering. B&p is the characteristic field of the long-range 
antiferromagneticc ordering. 

Thee apparent broadness of the meta-magnetic transition in the magnetostric-
tionn data as compared to similar data taken on UPt3 could be related to the fact 
thatt in U(Pto.95Pdo.os)3 the Pt atoms are in-homogeneously replaced by Pd on the 
scalee of unit cells. The concentration of Pd atoms is smaller than one per unit cell 
( »» 0.15). Unit cells exist containing no Pd atoms while others do. Furthermore, it 
iss not always the same Pt position (in a unit cell) which is replaced by a Pd atom. 
Thiss inhomogeneity is expected to broaden the meta-magnetic transition. 

Thee locations of the anomalies in the B-T plane correspond nicely with the 
resultss obtained by magneto-resistance experiments [6]. 

Forr the a- and 6-axis an extra feature is observed at approximately 1 T. This 
featuree is related to the hysteresis effects discussed in the previous section. 

9.66 T h e thermal-expansion data 

Thee thermal expansion, «<= L^1 dLi /dT, along all three crystallographic directions, 
indicatedd by the subscript i = a, b, or c, for different fixed magnetic field values are 
depictedd in Fig. 5. 

I nn the presence of long-range antiferromagnetic ordering, the cooling and field 
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Figuree 5 Thermal-expansion data along the crystallographic a-,b- and c-axis of 
U(Pto.95Pdo.05)33 for B || a-axis. Field and temperature ranges cover critical fields and 
criticall temperatures of both the long-range magnetic ordering and the heavy-fermion be-
haviourr The o^-curves for 0.5 T and 8 T curves have an offset of 1.0 X l 0 ~ 5 K"1 and 
0.5XlO"55 K - \ respectively 
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Figuree 6 Thermal-expansion data, at, for i = a- (closed symbols) and 6-axis (open symbols) 

inn a field of 0.5 T (B || a-axis) for a U(Pto.95Pdo.o5)3 sample after cooling in zero field 

(right-handd side of picture) and after having applied a field of 10 T, exceeding B A F (left-hand 

sidee picture). The solid line without any symbols appearing in boh figures: 1/2 {a^+a^) 
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situationn has been given an offset of-0.5 X 10~5 K"1. Its similarity to the aa-curve in the 

samee situation is apparent 
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historyy becomes important. First, thermal expansion at 0 T is measured on a sample 
afterr it is cooled from room temperature to the lowest temperature accessible, T = 
1.22 K . At T <^TN a field of 0.5 T is applied and thermal expansion is re-measured. 
Thee obtained data are identical to the 0 T data. For T <C TN, a field sweep is applied 
(maximumm field 12 T) after which the field is reduced to 0.5 T again. A field of 12 T 
iss expected to be sufficiently large to turn a multi-domain sample into a single domain 
casee (see section 9.4). Re- measuring thermal expansion causes significant differences 
forr the a- and 6-axis from previous results. We attr ibute the observed difference in 
aa&&  and ah, depicted in Fig. ??, to the sample being either multi- or single-domain 
type.. If not explicitly mentioned otherwise, the data presented are always of a sample 
whichh experienced such a field treatment. 

Ass it is already discussed, once the temperature exceeds TNj re-measurement 
off  thermal expansions only reproduces the multi-type results. The effect of a 10 T 
fieldd is destroyed by raising the temperature above TN. The sample's magnetic do-
mainn structure has changed from single-type to multi-type again. As long as the 
temperaturee does not exceed 7N, the obtained thermal expansion does not display 
anyy hysteretic behaviour. 

Thee observed features in the a&- and a^-curves for different fields cannot easily 
bee described in terms of simple trends.. A sharp extra cusp-like feature is observed 
att TN (B) being either negative, in the case of the 6-axis, or positive, in the case of 
thee a-axis. After having applied a field of 10 T on the zero-field cooled sample, an 
extraa feature is introduced at Tk « 2 . 5K in both the 0.5 T aa and ah curves, see 
Fig.. ??. There is a slight difference for TA defined from the feature in the a- and the 
6-axiss respectively, 7A (6-axis) < 7A (a-axis). 

Inn the \ (oja + ah) curve, also a negative feature is observed at TA , see Fig . 
7.. This extra feature results from the extra features in aa and ah not cancelling each 
other;; a consequence of TA (6-axis) < T\ (a-axis). 

Alongg the c-direction, a negative sharp anomaly at TN (B) is observed. No 
domainn effects are found. The effect of the field is to decrease this height of the 
featuree and the temperature, TN ( £ ), at which the feature is observed is shifted to 
lowerr values. 

Important,, here is the absence of hysteresis effects in thermal-expansion data. 
Thee thermal expansion along the a- and 6-axis for a field-treated (as T < TN a field B 
»» # A F is applied and removed so that only single-type of domains are present) and a 
not-field-treatedd situation are different. But starting with a field-treated sample and 
measuringg thermal expansion as we sweep the temperature from the lowest accessible 
value,, T = 1.2 K, to a temperature sufficiently below TN, T ^ ^ ^ = 5.2 K, and 
back,, no hysteresis is observed. For 7 ^ m ax > 7k, Tmme9  ̂ = 5.7 K, we observe in 
thee down sweep the thermal expansion as measured on a sample which experienced 
noo field treatment after cooling down. We have to admit that the temperature span 
fromm 1.2 K to 5.2 K is not sufficiently large to draw too hard conclusions. A more 
detailedd discussion wil l follow in sections 5 and 7. 
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Forr fields exceeding 12 T (B* for the heavy-fermion behaviour in UfPtaosPdo.os)̂ 
noo features are observed in ac. Also along the a- and 6-axis all previously discussed 
featuress are suppressed. But at the lowest temperatures (T < 5 K) the sign of aa and 
Obb is reversed, negative as for B > B*. A shallow minimum is observed at low tem-
peratures.. Such behaviour is in agreement with re-entrant heavy-fermion behaviour 
ass already discussed. We can interpret such behaviour in terms of the typical peak 
inn the density of state at an energy slightly smaller than the chemical potential for 
BB > B* (instead of at the chemical potential as is the case for B < B*). An increase 
inn temperature wil l cause the heavy-fermion states to be detected again. This wil l 
displayy itself as the creation of a new valley in a plot of the length versus temperature 
andd field. 

9.77 Analyz ing t h e thermal-expansion data 

Severall  experimental facts suggest the presence of heavy-fermion behaviour for T > 

TNN (B). These are: 

 The similarity between thermal-expansion data as measured on UfPto.gsPdo.oŝ 
forr TN (B) < T < 9 K and of UPt3 (previous chapter, [7]) is apparent. 

 For T > Tn (B), still a strong field dependence is observed for the thermal-
expansionn curves. Since phonons are hardly field dependent and no long-range 
magneticc ordering is present at these temperatures, this must be related to 
heavy-fermionn behaviour (the only remaining phenomena with a strong field 
dependence).. As the applied field exceeds B* (and J9AF)> 5 > 12 T, the field 
dependencee of the thermal expansion curves is strongly reduced in particular 
inn the 5 K < T < 9 K. 

 For T > TN (B), still a metamagnetic transition associated with heavy-fermion 
behaviourr is observed in magnetostriction data. 

Thiss suggests that long-range antiferromagnetic ordering is not crucial for 
thee presence of heavy-fermion behaviour. At least for B < 12 T, the long-range 
antiferromagneticc ordering and the heavy-fermion behaviour should be considered as 
twoo separate phenomena interacting with each other. 

Fromm the data depicted in Fig. 5, we deduce the ct0 = (1/2) (aa + a^) and 
aaa — Ob versus temperature curves for various fixed fields, see Fig. 7. While OQ is 
proportionall  to the thermal expansion of the (a, 6)-plane, aa — 0%, is related to the 
deformationn of the (a, 5)-plane. For B < 12 T, the ao curves look similar to those 
foundd for UPt3 with on top of it a feature related to the long-range antiferromag-
neticc ordering. The features observed in the UPt3 data we related to heavy-fermion 
behaviour. . 

Plottingg these curves as a function of T/Tjq (B), see fig 8, for T / T N (B) < 1, 
thee ao curves obtained for B < 12 T are almost identical. Excluded is the extra 
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88 10 
T(K) ) 

Figuree 7 Plotting a0 = (1 /2) ( a , + ab), ( a a - a b ) and av = (1/3) ( a a + ab + a c ) as 
determinedd from data on U(Pto.95Pdo.o5)3 presented in fig 5 
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Figuree 8 Plotting a 0 = (1/2) ( a a + a b ) of U(Pto.95Pdo.05)3 as function of the temperature 
normalizedd to the Néel temperature (TN (B)) for several fixed values of the applied field. 

featuree at TA w 2.5 K present in the a0 (B = 0.5 T) curve (TA/TN (B = 0.5 T) w 
0.4).. This suggests TN (B) to be the only important energy scale in this region (T 
<< TN, B < SA P) . The influence of the long-range antiferromagnetic ordering on the 
heavy-fermionn behaviour seems to be much stronger than the direct influence of the 
externallyy applied magnetic field. Of course, an indirect influence exists. An external 
fieldfield change wil l affect the long-range antiferromagnetic order which, on its terms, 
wil ll  influence the heavy-fermion behaviour. The above interpretation is consistent 
withh the analysis presented in section 9.4 concerning the areal contraction in the 
(a,, ft)-plane related to the formation of the long-range antiferromagnetic ordering. 

Wee could investigate the role of long-range antiferromagnetic ordering on 
heavy-fermionn behaviour since we are able to compare heavy-fermion behaviour in 
thee presence and absence of long-range magnetic ordering. The reverse, drawing 
conclusionss about the effect of the heavy-fermion behaviour on the long-range an-
tiferromagneticc ordering, is not unambiguous. There is no temperature-field region 
wheree long-range antiferromagnetic ordering exists in the absence of heavy-fermion 
behaviour. . 

Thiss extra feature observed near TA in ot0 (B = 0.5 T) could be related to the 
magnetic-structuree configuration. To understand the still present hysteresis effects in 
thee relative length change versus field in a single-type domain sample we introduced 
aa locking mechanism. It locks the magnetic structure in one specific configuration at 
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thee lowest fields. A minimal external magnetic field strength seems to be needed to 
dislockk it. In fact, the magnetic structure arranges itself continuously to minimize 
thee free energy for given temperature and external field. This dislocking energy could 
alsoo be applied thermally (T >TA) 

Att temperatures below T « 2.5 K ( 7 A ) , the shape of a0 {B = 12 T) still 
reflectss the dominant presence of heavy-fermion behaviour, while at higher temper-
aturess it changes into a curve similar to those found in UPt3 corresponding to a 
field-suppressedd heavy-fermion behaviour (for B > 20 T, -the characteristic field of 
thee heavy fermion state in UPt3). Reaching B\F, the long-range antiferromagnetic 
correlationn length wil l tend to zero but still some fluctuating antiferromagnetic or-
deringg is present. For B =12 T, the balance of effects on the heavy-fermion state, 
withh on one hand the remanent long-range antiferromagnetic ordering, which tries to 
restoree the heavy-fermion state, and on the other hand the externally applied field, 
whichh in this region (B ft*  B*) partly suppresses the heavy-fermion state, becomes 
critical.. Increasing the temperature wil l further suppress the long-range antiferro-
magneticc ordering until it completely disappears. The balance wil l t ip over in favour 
off  the destruction of the heavy-fermion behaviour by the field. For even higher fields, 
thee a0 and aa b-curves are smooth. Their physics is dominated by the presence of 
localizedd moments (on the uranium sites) and what wil l be referred to as "re-entrant 
heavy-fermionn behaviour" later on. 

Comparingg the aa(B =0.5T) or ab(B = 0.5T) for the multi-domain sam-
plee (zero field cooled) with \ (aa (B = 0.5T) + ab (B = 0.5T)) of the single domain 
samplee (field cooled) we observe that for temperatures, sufficiently exceeding TA 
(T(T > 3.5ÜT), both coincide. 

Asidee from a sign reversal, the aa - a6 curves resemble ac. The volume 
expansionn is small as compared to the other parameters. 

Ass discussed in section 9.4, the relative length in the studied field-temperature 
regionn can be deduced from a combination of thermal-expansion and magnetostriction 
data.. I t is found that entering the long-range antiferromagnetically ordered phase by 
eitherr decreasing field or temperature causes the area of the (a, 6)-plane to shrink. 
Thee a-axis shrinks considerably more than the b-axis. 

Finallyy we calculated the volume thermal expansion (av = (1/3) (aa + ah + ac)) 
forr several fixed fields. We find that av in the long-range antiferromagnetically ordered 
phasee is almost constant independent of field and temperature ( (0.25  0.05)-KT5 

K"1),, see Fig. 7. 

9.88 In conclusion 

Amongg the Pd doped U(Pti_xPda!)3 compounds it is the x = 0.05 compound in which 
thee long-range antiferromagnetic ordering is most dominantly present. 

Fromm analyzing magnetostriction and thermal-expansion data, we find that in 
U(Pt0.95Pdo.o5)33 the effect of the long-range antiferromagnetic order on the heavy-
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fermionn behaviour is substantial, much stronger than the direct effect of the applied 
field.. For T < TN ( £ ), the important energy scale is TN (B) (see fig 8). The major 
effectt of the applied field on the heavy-fermion behaviour is to affect the long-range 
antiferromagneticc ordering which on its terms affect the heavy-fermion behaviour. I t 
is,, therefore, not by accident that for T approaching zero temperature B* = JBAF in 

U(Pt0.95Pd0.05)3. . 
Thee observation that long-range antiferromagnetic ordering has a positive in-

fluencefluence on the formation of the heavy-fermion behaviour is in agreement with the 
modelss as they are shortly summarized in section 9.2. 

Ass the effect of long-range magnetic ordering is so dramatic for the heavy-
fermionn behaviour (it enhances it) we expect the long-range antiferromagnetically 
orderedd phases to be enclosed by the heavy-fermion phase in a field-temperature 
phasee diagram. 

Thee volume thermal expansion is almost constant and independent of field and 
temperaturee in the field-temperature region were the long-range antiferromagnetic 
orderedd state exists. Furthermore, the formation of this long-range antiferromagnetic 
orderingg is associated with a non-isotropic reduction of the area in the (a, 6)-plane. 
Alongg the a-axis the reduction is substantially more than along the &-axis. 

Thee formation of long-range antiferromagnetic ordering being associated with 
aa reduction of the volume and basal-plane area is counter intuitive. We explained 
thiss in terms of a strong interaction between heavy-fermion behaviour and the long-
rangee antiferromagnetic ordering. I t is the long-range ordering which helps the heavy-
fermionn state to be more pronounced which on its terms is liable for the areal reduction 
inn the a,b-plane. Could the observed features along the c-axis be interpreted as 
stemmingg from the deformation in the (a, 6)-plane? 

Inn our studies of length changes as function of field, hysteresis effects related 
too the magnetic structure are clearly visible. Features are observed which we related 
too a reduction from multi- to single-type of domains by a field up- and down-sweep 
forr a zero-field-cooled sample. Repeating such a field sweep for a second and a 
thirdd time, still displayed hysteretic features. We interpreted this in terms of the 
magneticc structure being locked into some minimum configuration at the lowest field. 
Importantt parameters for such a configuration are crystal-lattice defects, the energy 
associatedd with domain-wall formation and the crystal-anisotropy energy. A certain 
minimumm field is needed to dis-lock the magnetic structure out of this configuration 
afterr which the magnetic structure adjusts itself to minimize the free energy for 
givenn temperature and field. In the low-field thermal-expansion data also a feature 
iss observed which we related to this wdis-locking energy". 
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